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duplexes, of the predicted new miRNAs were detected 
in our small RNA libraries, providing additional evi-
dence for their existence as new miRNAs in P. aphrodite. 
Furthermore, 240 potential miRNA-targets that appear 
to be involved in many different biological activities and 
molecular functions, especially transcription factors, were 
identified, suggesting that miRNAs can impact multi-
ple processes in P. aphrodite. We also verified the cleav-
age sites for six targets using RNA ligase-mediated rapid 
amplification of 5′ ends assay. The results provide valuable 
information about the composition, expression and function 
of miRNA in P. aphrodite, and will aid functional genomics 
studies of orchids.
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Abbreviations
ASRP  The Arabidopsis small RNA project
Ct  Threshold cycle
DAS  Days after sowing
DCL1  Dicer-like 1
DGE  Digital gene expression profiling
EST  Expressed sequence tags
GAMYB  Gibberellin (GA)-inducible MYB- 
transcription factor
GO  Gene ontology
HOX  Homeobox-leucine zipper protein 
HOX32
HYL1  Hyponastic Leaves 1
MFE  Minimum free energy
miRBase  The microRNA database
NGS  Next generation sequencing
ρ  Spearman’s rank correlation coefficient
Abstract Orchids display unique phenotypes, functional 
characteristics and ecological adaptations that are not found 
in model plants. In this study, we aimed to characterize 
the microRNA (miRNA) transcriptome and identify spe-
cies- and tissue-specific miRNAs in Phalaenopsis aphro-
dite. After data filtering and cleanup, a total of 59,387,374 
reads, representing 1,649,996 unique reads, were obtained 
from four P. aphrodite small RNA libraries. A systematic 
bioinformatics analysis pipeline was developed that can be 
used for miRNA and precursor mining, and target gene pre-
diction in non-model plants. A total of 3,251 unique reads 
for 181 known plant miRNAs (belonging to 88 miRNA 
families), 23 new miRNAs and 91 precursors were identi-
fied. All the miRNA star sequences (miRNA*), the com-
plementary strands of miRNA that from miRNA/miRNA* 
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RLM-5′ RACE  RNA ligase-mediated rapid amplification 
of 5′ ends
RT-PCR  Reverse transcriptase-polymerase chain 
reaction
RPM  Reads per million
snRNA  Small nuclear RNA
snoRNA  Small nucleolar RNA
SPL  SQUAMOSA promoter-binding-like
SPM  Specificity measure
TAIR  The Arabidopsis information resource
ta-siRNA  Trans-acting siRNA
Introduction
The Orchidaceae is the largest family of angiosperms with 
25,000–30,000 species widely distributed around the world 
(Pridgeon et al. 2005). The unique and exotic floral organs 
of orchids have made them a popular commercial crop with 
considerable economic value. In addition to their ornamen-
tal value, orchids display several fascinating biological and 
ecological features that are of particular interest to plant 
biologists. Orchids exhibit floral bilateral symmetry (zygo-
morphy) in contrast to the radial symmetry (actinomorphy) 
seen in most flowers. Their floral organs are arranged in 
unique patterns such as perianths with sepals and petals of a 
similar shape and color (termed “tepals”), pistil and stamen 
fusion, and enlargement of one petal into an extravagant 
“lip” structure (Rudall and Bateman 2002). Some orchids, 
such as Phalaenopsis, are epiphytic plants with high water-
use efficiency. They carry out crassulacean acid metabo-
lism (CAM) photosynthesis assimilating carbon dioxide at 
night (Guo and Lee 2006; Silvera et al. 2010). Orchids also 
exhibit unique seed development characteristics such as 
lacking endosperms (or cotyledons) for nutrient supply and 
having embryos that stall at the globular stage until ger-
mination (Vinogradova and Andronova 2002). These unu-
sual traits make orchids attractive research objects through 
which to explore some of the more diverse plant phenom-
ena not seen in model organisms such as Arabidopsis and 
rice. Our group is particularly interested in the analysis of 
a category of small RNA, microRNA (miRNA). We hope 
that analysis of miRNA will further our understanding 
of the gene expression of orchids in various tissues or at 
different developmental stages. To the best of our knowl-
edge, only one study has previously investigated miRNA in 
Phalaenopsis orchid (An et al. 2011). Orchid miRNAs and 
their targets still remain largely unknown. In this study we 
have developed a bioinformatics pipeline for the analysis of 
known and new miRNAs and their targets in P. aphrodite, 
and constructed a web-based orchid miRNA database.
miRNAs are endogenous small non-coding RNAs 
that have been demonstrated to play a crucial role in 
post-transcriptional regulation (for reviews, see (Filipo-
wicz et al. 2008; Voinnet 2009). miRNA genes are gener-
ally transcribed by RNA polymerase II to produce primary 
miRNAs (pri-miRNAs) that contain internal stem-loop 
regions. In plants, pri-miRNA is processed into a stem-
loop precursor (pre-miRNA) by the proteins Dicer-like 
1 (DCL1) and Hyponastic Leaves 1 (HYL1), and fur-
ther cleaved by DCL1 to release a ~22 bp miRNA duplex 
(miRNA/miRNA*) with 2 nt overhangs at the 3′ ends 
(Voinnet 2009). The miRNA duplex then separates into a 
biologically active strand (miRNA) and a passenger strand 
(miRNA*, the complementary strand of miRNA). miRNA 
executes its regulatory function through binding to the 
complementary site on its target mRNAs to induce tran-
script cleavage or translational repression.
Several different approaches, such as direct cloning, 
northern blotting, stem-loop real-time RT-PCR and micro-
array technologies, are commonly used to detect and iden-
tify specific miRNAs under various treatment conditions. 
Recently, deep sequencing technology has been demon-
strated to be an effective method for miRNA discovery and 
profiling in model organisms (Sunkar et al. 2008; Wang 
et al. 2011; Kato et al. 2009; Zhang et al. 2009a) and many 
other genomes (Gonzalez-Ibeas et al. 2011; Song et al. 
2010; Lelandais-Briere et al. 2009; Morin et al. 2008; Bar 
et al. 2008; Xia et al. 2012). However, the vast amounts of 
data obtained from deep sequencing pose challenges in effi-
cient and reliable discovery of new miRNA. Moreover, dis-
tinguishing heterozygous sequence variants from sequenc-
ing errors could be more challenging in non-model plants, 
due to the lack of genome sequences for mapping/aligning.
Many computational tools have been developed to facili-
tate systematic prediction of miRNA and pre-miRNA. Pre-
vious studies have revealed that some miRNA families are 
widely conserved across the plant lineages such as mosses, 
gymnosperms, monocots and eudicots (Zhang et al. 2006; 
Axtell and Bartel 2005), indicating that computer-based 
homology search should provide a powerful strategy for the 
discovery and identification of mature sequences of conserved 
miRNA families. The characteristic stem-loop pre-miRNA 
structure and the high degree of conservation of mature 
sequences between related genomes are important features 
of miRNA genes that are exploited in their computational 
identification (Lim et al. 2003; Lai et al. 2003; Dezulian et al. 
2006; Huang et al. 2007). In Arabidopsis thaliana and rice 
genomes, comparative genomics-based methods have been 
used to identify highly conserved families of miRNA and 
their targets (Bonnet et al. 2004; Jones-Rhoades and Bartel 
2004; Wang et al. 2004). However, homology search-based 
methods are not applicable to the detection of species-specific 
miRNAs, or the detection of plant pre-miRNA.
In Arabidopsis, a single genome-based analysis was per-
formed using the findMiRNA algorithm to detect miRNAs 
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(Adai et al. 2005). The findMiRNA algorithm uses Arabi-
dopsis transcript sequences and looks for corresponding 
short sequences embedded in intergenic- or intron-hairpins 
within candidate miRNA precursors (pre-miRNAs) that 
have the potential to target any part of these transcripts 
(Adai et al. 2005). Since miRNA precursors are tran-
scribed by RNA polymerase II and polyadenylated (Lee 
et al. 2004), some pre-miRNAs should be represented by 
expressed sequence tags (EST). EST analysis (Zhang et al. 
2005) is widely used in model plants and species with lim-
ited genomic resources (Han et al. 2010; Colaiacovo et al. 
2010; Bhardwaj et al. 2010; Kim et al. 2011). The EST 
approach is usually based on a sequence similarity search 
step followed by a set of structural filters. Plant pre-miRNA 
identification is more difficult than animal pre-miRNA 
prediction because plant pre-miRNA stem-loops differ 
greatly in size and structure. Several machine-learning 
based prediction programs have been designed to distin-
guish real pre-miRNAs from other hairpin sequences with 
similar stem-loops (Jiang et al. 2007; Huang et al. 2007; 
Xuan et al. 2011; Xue et al. 2005). Mirroring plant miRNA 
gene prediction studies, the algorithms for predicting plant 
miRNA target have largely focused on the model Arabi-
dopsis and rice genomes (Wang et al. 2004; Rhoades et al. 
2002; Zhang 2005).
Here we applied next generation sequencing (NGS) 
technology to investigate the small RNA transcriptome of 
the moth orchid Phalaenopsis aphrodite. An informatics 
pipeline was designed to optimize the analysis of sequence 
outputs collected from the Illumina genome analyser. Both 
known and novel miRNAs and non-coding transcripts 
that represent the corresponding miRNA precursors were 
identified in P. aphrodite. The expression profiles of the 
miRNAs in various tissues were verified by stem-loop 
real-time RT-PCR, and miRNA-target gene prediction was 
performed using both homology-dependent and homology-
independent methods. In addition, six target genes were 
experimentally verified. The results were integrated into a 
web-based orchid database named Orchidstra (http://orchid
stra.abrc.sinica.edu.tw).
Materials and methods
Plant materials and RNA isolation
Taiwan endemic moth orchid, P. aphrodite Rchb.f. col-
lected from its native mountain habitat in Dawu, Tai-
tung County, was kindly provided by Dr. Tsai-Mu Shen 
from National Chiayi University, Chiayi County, Taiwan. 
Mature plants were maintained in 22–27 °C growth cham-
bers under a 12-h day/night light cycle with regular irriga-
tion and fertilization. Seeds from hand-pollinated capsules 
(120 days after pollination) were germinated on one-fourth 
Murashige and Skoog medium supplemented with Gam-
borg B5 vitamins (Duchefa Biochemie, Netherlands), 1 % 
tryptone, 2 % sucrose and 0.85 % agar at pH 5.6 under the 
same growth conditions as the mature plants. Four orchid 
small RNA libraries were constructed from a collection 
of various orchid tissues including mature leaves, roots, 
flowers, and germinating seeds of multiple, randomly 
selected plants. A flower library was built by pooling tis-
sues of young inflorescences with mature flower buds and 
flowers in full bloom. The seed library was constructed by 
randomly collecting germinating seeds at various stages, 
including the protocorm formation stage [0–30 days after 
sowing (DAS)], the protocorm development stage (40–75 
DAS), and the seedling formation stage (75–100 DAS). 
Total RNA was isolated as previously described (Su et al. 
2011) and quality was confirmed using RNA Bioanalyzer 
(Agilent, CA, USA). We used 10 μg total RNA as the ini-
tial input for library construction.
Illumina cDNA library preparation
Massively parallel sequencing was performed on the Illu-
mina Genome Analyzer IIx system. Small RNA (18–30 bp) 
was gel-purified by 6 % Novex TBE polyacrylamid gel 
electrophoresis (Invitrogen, CA, USA) followed by gel elu-
tion according to the supplier’s protocol. All libraries were 
constructed using Small RNA Sample Preparation Kits 
(Illumina, CA, USA) and included 5′ and 3′ RNA adap-
tor ligation, reverse transcription, PCR amplification and 
purification. Single-end sequencing of the cDNA libraries 
was then performed using Illumina. All procedures fol-
lowed the protocols provided by the manufacturer. A total 
of 97,147,780 (23,852,494 reads for root, 24,059,282 for 
leaf, 23,741,532 for flower, and 25,494,472 for seed) 40-bp 
reads were generated (GenBank: SRA050114). Illumina 
sequencing was not replicated.
Bioinformatic analysis of small RNA deep sequencing data
Sequencing data processing and small RNA analysis pipe-
line is illustrated in Fig. 1. The small RNA data output 
from Illumina was processed with in-house programs to 
collapse identical reads into a single read (a unique read) 
while recording the number of times that unique read was 
observed in each library. Only the reads that were com-
pletely identical in both length and sequence were collapsed 
into a unique read. Reads with a difference even in only 
one nucleotide were not merged together, ensuring that the 
data processing did not eliminate any heterozygosity in the 
sequences. If a read contains a low quality segment (most 
bases have quality values of Q15 or below), the base calls 
of the segment were perceived as unreliable and all of the 
532 Plant Mol Biol (2014) 84:529–548
1 3
quality values in the segment were replaced with a value of 
2 by the base-calling program, and the corresponding bases 
were represented by Ns in the read (CASAVA Software Ver-
sion 1.7 User Guide). Such reads containing poly-N segment 
were excluded in further analysis in this study. The data 
were converted to an acceptable format for DSAP (Huang 
et al. 2010) to remove adapter sequences and poly-A/T/C/
G/N nucleotides. The sequence reads were further filtered to 
remove reads appearing less than four times in total across 
the libraries. It has been reported that the primary errors in 
reads from Illumina sequencers are substitution errors, reads 
with very low coverage usually represent sequencing errors 
(Kelley et al. 2010). Filtering out all reads with counts less 
than a low threshold is a strategy used to eliminate sequenc-
ing errors (Motameny et al. 2010) that is of critical impor-
tance for distinguishing heterozygous variants from arte-
facts of sequencing errors when a reference genome is not 
available. Because the sequencing achieved a sufficient 
depth in this study, our aim was to extract useful informative 
reads that are distinguishable from the artefacts caused by 
sequencing errors. The reads that were removed by the low-
count filter were considered to be unreliable and uninforma-
tive. After low-count filtering, the remaining reads were also 
considered to show evidence of expression at a meaning-
ful level. Next, several databases were retrieved for further 
processing. The sequences from the chloroplast genome of 
P. aphrodite, orchid pathogens including Cymbidium mosaic 
virus and Odontoglossum ringspot virus, and Escherichia 
coli were downloaded from the NCBI database; 42,590 
protein-coding P. aphrodite ESTs and 191,263 unknown/
non-coding P. aphrodite ESTs were obtained from a pre-
vious study (Su et al. 2011). The small RNA unique reads 
from quality-trimming and filtering were BLAST searched 
against the orchid chloroplast, the virus sequences and 
E. coli sequences. BLAST search was performed with 
default setting, and then the perfect matches (alignments 
have 100 % identity and span the whole length of the 
query read) were parsed out from the raw BLAST output. 
The remaining unique reads were then BLASTN searched 
against the Orchidstra database. Because the protein- 
coding ESTs in the Orchidstra database were in the orienta-
tion of the coding strand and our small RNA sequencing is 
strand-specific, the unique reads that aligned perfectly with 
the protein-coding ESTs in the same orientation were con-
sidered to be degraded mRNA and removed from further 
analysis.
Fig. 1  Annotation pipeline for 
small RNA reads and summary 
of results. Numbers in paren-
theses indicate the number of 
unique reads across all libraries. 
See Table 2 for the number of 
unique reads and total reads in 
each library
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RNA family data and known miRNA sequences were 
downloaded from Rfam version 10 and miRBase version 
18. To annotate sequences related to structural RNA, we ran 
BLASTN to search against the Rfam database with default 
setting, and parsed out the alignments with up to three dis-
crepancies (gaps plus mismatches) from the raw BLAST 
output. All unique reads left from the previous screening 
were searched against the miRBase using BLASTN with 
same parameters values that the miRBase Web-Blast server 
uses (–W 4 –r 5 –q −4). Unique reads that were identical to 
or had less than three mismatches to known miRNAs were 
regarded as potential conserved miRNAs in P. aphrodite.
Statistical analysis and the specificity measure of miRNA 
expression
The counts of unique reads were normalized to reads per 
million (RPM) by dividing the raw read count by the total 
number of reads in each library and multiplying by one 
million. The expression profiles for each miRNA fam-
ily were calculated by summing all reads annotated to the 
same miRNA family in each library. The RPM values of 
each miRNA family were log-transformed to base 2 and 
imported into GeneSpring 11.5.1 software (Agilent, CA, 
USA) to perform cluster analysis using a Euclidean dis-
tance matrix and the centroid linkage rule. The specificity 
measure (SPM) of each miRNA was calculated using the 
method described in (Xiao et al. 2010). Statistical analysis 
was performed using the stats package in R version 2.15 (R 
Development Core Team 2012).
miRNA precursor prediction procedure
To screen miRNA precursors from non-coding ESTs, we 
checked (1) whether a putative mature miRNA was present 
in the stem and not in the loop of the stem-loop structure of 
the non-coding EST and (2) whether the stem-loop struc-
ture was similar to the structure of known miRNAs in miR-
Base. The following non-coding Orchidstra ESTs were sent 
to the precursor prediction pipeline to examine their sec-
ondary structures: non-coding ESTs with a perfect match 
to P. aphrodite conserved miRNAs, non-coding ESTs with 
a perfect match to unknown P. aphrodite small RNA reads, 
and non-coding EST with 3 or fewer mismatches (gaps 
plus mismatches) to miRBase registered miRNAs. Sup-
plemental Figure 1 illustrates a schematic overview of the 
process by which miRNA precursors were searched for in 
P. aphrodite. The RNA secondary structures of both the 
forward and the reverse complement of the non-coding 
ESTs were predicted using Mfold software (Zuker 2003). 
Folding temperature was set at 25 °C and the default set-
tings were used for the other parameters. The resulting 
secondary structures were checked for the location of 
putative mature miRNA, which had to be fully contained 
in a double stranded region of the hairpin structure. Since 
the stem is slightly longer than the length of the mature 
miRNA, the sequences located 10 nt outside the terminal 
basepair between the miRNA and miRNA* were trimmed 
off, and the resulting sequences were recalculated for sec-
ondary structure and minimum free energy (MFE). In order 
to define the structural features filter, we established crite-
ria that accounted for matches, mismatches (bulges) and 
gaps on the stem region, the occurrence of multi-loops, as 
well as MFE. The criteria were chosen based on the sta-
tistics for the predicted stem-loop structures (including sta-
tistics on number/size of matches, gaps, bulges and loops) 
of the known pre-miRNA sequences in the miRBase (data 
not shown). The sequences were not the same length, thus 
their MFEs are not directly comparable. Instead of using an 
arbitrary chosen MFE threshold for all sequences, in order 
to determine an adequate MFE filter, the MFE of experi-
mentally validated miRNAs was regressed on the sequence 
length to construct the 95 % prediction interval for MFE. 
stem-loop structures with MFE falling outside the predic-
tion interval were discarded. We defined the stem contain-
ing EST residues that aligned with small RNA/miRNA as 
the “core region” of a precursor candidate. After the MFE 
filter, further evaluation of the precursor candidates took 
into account the size of loop (with a maximum cut-off of 
15 nt), the branch number (with a maximum cut-off of 6), 
the bulge number in the core region (maximum 1 allowed), 
the bulge size in the core region (maximum 2 allowed), 
the number of continuous unpaired residues (maximum 
4 allowed) in the core region, and no loop/branch inside 
the core region. The number of allowed mismatches var-
ied with the length of the core region. For a core region 
of length up to 17 bp, the maximum number of unpaired 
residues was 1. The maximum number of unpaired residues 
allowed for cores with lengths of 18, 19, 20, and over 20 bp 
was 2, 3, 4, and 5, respectively. A non-coding EST was 
considered a miRNA precursor if it fulfilled the specified 
criteria. All the predicted precursors have a characteristic 
stem-loop structure with the mature miRNA embedded in 
the arm of the stem.
To assess the sensitivity and specificity of our precursor 
prediction procedure, we need to access the quantity of true 
positives, true negatives, false positives and false negatives, 
thus we used Arabidopsis genome, the most well-annotated 
plant genome, to calculate the sensitivity and specificity. 
We downloaded 328 Arabidopsis pre-miRNA sequences in 
miRBase using them as positive examples, and also gener-
ated 328 negative examples by permuting each pre-miRNA 
sequence while preserving its nucleotide frequencies. Our 
pre-miRNA prediction pipeline achieved good accuracy 
with a sensitivity of 85 % (278/328) and a specificity of 
100.0 %.
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Target prediction procedure
Two computational approaches were applied to predict 
miRNA target transcripts in this study (Supplemental 
Figure 2a). One approach is based on the observed prop-
erty of extensive complementarity between plant miR-
NAs and their targets (Axtell and Bowman 2008). miR-
NAs were searched against the protein-coding ESTs in 
Orchidstra with -g (gapped alignment) F (false) appended 
for BLASTN to prevent the insertion of gaps in the mid-
dle of alignment. To filter out miRNA target candidates 
from BLASTN results, the antisense hits (alignments with 
complementary matches) were checked for the number of 
mismatches and alignment length. In this procedure, only 
Watson–Crick base pairing was allowed; G:U pairs were 
not considered to be a match. Alignments containing posi-
tions 2–12 of the miRNA with an alignment length over 
16 nt and three or less mismatches were considered to be 
miRNA target candidates. This prediction procedure was 
similar to a previous study (Rhoades et al. 2002).
In the second procedure protein-coding ESTs in Orchid-
stra were blastx searched against the TAIR10 database 
(http://www.arabidopsis.org/index.jsp) using a cutoff value 
of 1e-30. An EST was considered a candidate miRNA tar-
get if its best BLAST match was a target gene of an miRNA 
listed in the Arabidopsis small RNA project (ASRP) data-
base (http://asrp.cgrb.oregonstate.edu/) (Gustafson et al. 
2005).
Stem-loop RT-PCR of miRNAs and RT-qPCR of targets
Tissues from multiple plants were pooled by tissue types. 
The cDNA of the mature miRNA was prepared using a 
Taqman MicroRNA reverse transcription (RT) kit (ABI, 
4366596) according to the manufacturer’s protocol. Stem-
loop RT primers and forward qPCR primers were designed 
according to the rules described in (Chen et al. 2005). The 
sequences of the primers are listed in Supplemental Table 1. 
One microliter of 3× diluted first strand cDNA solution 
was used as the template for subsequent PCR amplifica-
tion. Real-time PCR was performed using SYBR Green 
PCR Master Mix and the Applied Biosystems 7300 Real-
Time PCR System. The PCR reactions were performed at 
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s 
and 60 °C for 1 min. The expression levels of each mature 
miRNA were recorded by the threshold cycle (Ct) and 
normalized against the internal control (PASR17041531, 
annotated as miR5139). The transcript levels of each tar-
get gene were detected by RT-qPCR analysis, the actin 
gene (PATC135993) was amplified as a reference using 
the primer pair, forward primer: 5′-CTAGCGGAAACGCG 
ACAGA and reverse primer: 5′-CCAAGGGAAGCCA 
AAATGC. Three technical replications were performed for 
each miRNA/target gene in each tissue type for qRT-PCR. 
Three biological replications were performed for qRT-PCR 
of miRNA using leaves and roots from individual plants.
Experimental validation of selected miRNA targets
In order to identify the cleavage sites within the miRNA 
targets, we performed the RNA ligase-mediated rapid 
amplification of 5′ ends (RLM-5′ RACE) experiment using 
the GeneRacer Kit (Invitrogen Life Technologies, CA, 
USA) according to the manufacturer’s instructions and 
(Llave et al. 2002). Total RNA from roots, leaves and flow-
ers was isolated as previously described (Su et al. 2011) 
and mRNA was extracted from the total RNA using Pol-
yATtract mRNA Isolation System (Promega). Briefly, the 
RNA adapter (Supplemental Table 2) was ligated to the 
5′ ends of mRNA without enzymatic pretreatment. The 
ligated products were reverse transcribed and PCR ampli-
fied with gene specific primers (GSP) listed in Supplemen-
tal Table 2. The 5′ RACE-PCR products were cloned into 
pZeroBack vector (Tiangen Biotech Co., China). Ten to 
twenty-five positive clones were picked and sequenced for 
each target gene.
Results and discussion
Analysis and annotation of small RNA deep sequencing 
data
In order to identify conserved miRNAs and novel miR-
NAs in P. aphrodite, small RNA transcriptomes from root, 
leaf, flower and seed libraries were sequenced on Illumina 
Genome Analyzer II. A total of 83,942,304 sequencing 
reads were obtained after removing adapter sequences and 
poly-A/T/C/G/N nucleotides (see “Materials and methods” 
and Table 1). The cleaned sequence reads were grouped 
into unique sequence reads. Unique reads were filtered 
out if they appeared less than four times in total across 
the libraries. The remaining sequences that mapped to the 
chloroplast or virus genomes (see “Materials and methods”  
section) were then discarded. After data cleanup and fil-
tering, there were 1,164,475, 1,117,720, 1,206,840 and 
1,047,951 unique reads in the root, leaf, flower and seed 
libraries, respectively (Table 1). The lengths of small RNA 
reads ranged from 16 nt to over 30 nt, with the majority 
being 21 nt and 24 nt (Fig. 2a). The length distribution plot 
of unique small RNAs had only one major peak at 24 nt 
(Fig. 2b), indicating that the 24 nt small RNA class is more 
diverse (has more unique reads) and has less redundancy 
(lower counts for each unique reads) than the 21 nt small 
RNA class. A total of 1,649,996 unique reads were then 
submitted to the downstream small RNA analysis pipeline 
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outlined in Fig. 1, step 4 onwards. Although P. aphro-
dite genomic data is unavailable in public databases, over 
230,000 P. aphrodite transcripts in our Orchidstra database 
(Su et al. 2011) were able to provide reference sequences 
for mapping of small RNA reads. In total, 220,893 unique 
reads were mapped to Orchidstra transcripts among which 
53,096 and 167,797 unique reads mapped to protein-coding 
ESTs and unknown EST/non-coding transcripts, respec-
tively. The unique reads that mapped to protein-coding 
ESTs are probably highly degraded mRNA fragments or 
siRNA. The unique reads that did not match protein-coding 
ESTs were BLAST searched against the Rfam database 
(Gardner et al. 2011). Approximately 3.9 % of 1.65 mil-
lion unique reads (63,602 reads) were tRNA, rRNA, small 
nuclear RNA (snRNA), small nucleolar RNA (snoRNA) or 
other small RNA molecules (not miRNA). In order to iden-
tify conserved miRNAs, the remaining reads and the reads 
that mapped to unknown ESTs/non-coding transcripts were 
searched against the plant miRNAs downloaded from the 
microRNA database (miRBase, http://www.mirbase.org) 
(Kozomara and Griffiths-Jones 2011). A total of 3,251 
unique reads showing less than three mismatches with a 
known plant miRNA were identified, among which 447 
unique reads were perfectly aligned with known miRNAs. 
Furthermore, we identified 23 new miRNAs by using the 
approach described in the Materials and methods section. 
Table 2 shows the annotation and classification of unique 
reads and the abundance of different small RNA categories 
in the sequenced small RNA libraries.
Transcriptome-wide identification of microRNAs  
in P. aphrodite
Alignment of unique small RNA reads with experimentally 
verified plant miRNAs resulted in a total of 3,251 unique 
reads for 181 known miRNAs. These orchid miRNAs were 
Table 1  Summary of 
small RNA next generation 
sequencing data processing
Processing steps Root Leaf Flower Seed Total
Input
Unique reads 6,755,739 6,901,052 8,538,019 5,798,159 22,829,317
Total reads 23,852,494 24,059,282 23,741,532 25,494,472 97,147,780
After removing adaptors and poly-A/T/C/G/N
Unique reads 5,787,223 5,802,483 7,347,504 4,856,499 19,207,362
Total reads 20,618,934 20,514,477 20,496,815 22,312,078 83,942,304
After filtering out reads with low counts
Unique reads 1,193,873 1,161,516 1,231,736 1,079,437 1,697,668
Total reads 15,463,951 15,293,812 13,668,993 18,097,032 62,523,788
After removal of virus/chloroplast sequences (reads entered into the annotation pipeline)
Unique reads 1,164,475 1,117,720 1,206,840 1,047,951 1,649,996
Total reads 15,117,306 13,507,134 13,408,510 17,354,424 59,387,374
Fig. 2  Summary of next generation sequencing data of the small RNA transcriptome of P. aphrodite. a Read-length distribution after removing 
poly-A/T/C/G/N nucleotides and trimming the adapter sequences. b Length distribution of unique reads
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classified into 88 known plant miRNA families (Supple-
mental Figure 3). To date, 33 of these miRNA families have 
been identified in at least three green plant species in the 
miRBase (based on the data downloaded from miRBase). 
The P. aphrodite miRNAs showed high sequence similar-
ity to their homologs in Zea mays, Oryza sativa, A. thali-
ana, and Vitis vinifera. Many highly conserved miRNA 
families were identified in the four libraries studied, such 
as miR156/157, 159/319, 165/166, 170/171, 160, 168, 172, 
396, and 399.
Fifty-two known miRNA families found in this study 
overlapped with those found in a previous study of miRNA 
in P. orchid (An et al. 2011), despite the tissues, condi-
tions, annotation criteria and read-count filtering method 
used in our current study being quite different from the 
earlier investigation. This study further identified addi-
tional 36 known miRNA families (Supplemental Figure 3) 
that were not found in the previous study (An et al. 2011). 
These miRNA families may correspond to the tissues and 
developmental stages analysed. In addition, miRNA with 
low expression levels were detected by deep sequencing 
in this study. Among the 36 miRNA families identified 
in our data but not in (An et al. 2011), miR3440 are con-
served between P. aphrodite, Arabidopsis lyrata, A. thali-
ana and Helianthus annuus. Moreover, miR774, miR4221, 
miR5654 and miR2950 are conserved between P. aphrodite 
and 2 other plant species in the miRBase (see Supplemen-
tal Figure 3 for details of the plant species distribution in 
the miRBase for each miR family). These results indicate 
that these miRNA families have homologs in both eud-
icot and monocot species. Furthermore, 6 miRNA families 
(miR2868, 2905, 2931, 5155, 5532 and 5538) are con-
served between P. aphrodite and O. sativa but not reported 
in eudicot species.
Known orchid miRNAs accounted for 10.5, 26.0, 12.7, 
and 14.8 % of the total small RNAs (after all filtering steps) 
in root, leaf, flower and seed, respectively. One of the 
most conserved miRNAs, miR159, is known to play roles 
in plant development and fertility (Jones-Rhoades et al. 
2006). It has been reported that miR159 accumulates in 
P. aphrodite stalks (An et al. 2011). Of the four tissues 
investigated, the miR159 family showed the highest expres-
sion levels of all the miRNA families across all tissue types, 
the occurrence of miR159 varied from 114,828 RPM in 
leaf to 31,884 RPM in seed (Table 3). When the abundance 
of a single miRNA family was calculated as a percentage 
of the total number of miRNAs in each tissue, the miR159 
family alone accounted for 38.6, 44.2, 66.0 and 21.6 % of 
the total miRNA in the root, leaf, flower and seed librar-
ies, respectively. Several other miRNA families, such as 
miR528 and miR535 families, also had high abundance of 
expression across all tissue samples, and the miR156 fam-
ily was highly expressed in the seed library. Closer inspec-
tion revealed tissue-specific differential expression among 
individual miRNAs within the miR156 family. The major-
ity of miR156 reads (about 95 %) in seeds was a perfect 
match to miR156a, while miR156b was enriched (tenfold 
more abundant) in the roots relative to seeds.
The sequencing reads of the three most abundant miR-
NAs (miR535, miR159, and miR528 in roots, leaves, and 
flowers; and miR528, miR156, miR159 in seeds) consti-
tuted over 87 % of the total known miRNA reads in all 
tissue types, indicating that they are likely ubiquitous in 
P. aphrodite. The miR162, miR167, miR396, miR845, 
and miR894 families had higher expression levels in root 
and leaf libraries, while miR319 and miR529 families had 
higher expression in flower and seed libraries.
Tissue-specific expression of orchid miRNAs
Since deep sequencing produced a large number of reads, 
the read abundance in the libraries could be used to per-
form miRNA digital gene expression profiling (DGE) in 
P. aphrodite. Fifty miRNAs that exhibited fold-change of 
at least 4.0 were subjected to cluster analysis to show their 
expression patterns (Fig. 3). In order to reveal patterns of 
Table 2  Distribution of unique reads in the sequenced P. aphrodite small RNA libraries
Libraries/small RNA Root Leaf Flower Seed
Total Unique Total Unique Total Unique Total Unique
Protein-coding EST 989,288 38,231 861,761 36,576 799,267 39,707 840,605 38,459
Non-coding EST 4,692,205 131,039 4,401,161 122,760 3,862,859 133,855 4,228,824 120,271
rRNA 916,073 26,320 584,814 23,521 627,592 23,344 1,066,465 26,117
tRNA 1,531,792 15,873 858,608 13,740 1,851,199 16,072 4,577,493 19,705
snRNA 7,116 987 6,963 830 24,549 1,199 111,365 1,678
snoRNA 13,180 1,148 6,948 961 9,133 1,128 27,606 1,399
miRNA 1,583,670 2,376 3,506,031 2,661 1,703,039 2,335 2,567,995 2,466
other sRNAs 73,124 2,897 50,041 2,750 56,033 2,759 115,409 3,117
Unmatched 6,403,763 945,604 5,318,140 913,921 5,901,112 986,441 5,032,560 834,739
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specific enrichment of miRNAs in different tissue types, 
SPM, a quantitative estimate of the tissue specificity of a 
gene in a profile (Xiao et al. 2010), was calculated for each 
miRNA family in each tissue. SPM score ranges from 0 to 
1, the closer the SPM score is to 1, the higher the tissue 
specificity. Twenty-eight out of 88 miRNA families had an 
SPM above 0.9 in one of the four tissues. Among the tis-
sue-specific expression miRNAs (with SPM >0.9), miR398 
and miR396 were found primarily in leaves while miR2911 
was over-expressed in roots. miR172, miR169, miR858 
and miR395 were found to be expressed predominantly in 
flowers. The miR156 family was overexpressed in seeds 
(32,722 RPM) and under-expressed in flowers (82 RPM). 
In contrast, miR172 levels were higher in flowers (148 
RPM) than in leaves (47 RPM), and were expressed at very 
low levels in roots and seeds (Table 3). miR156 is known 
to promote juvenile development by repressing members 
of the SQUAMOSA promoter-binding-like (SPL) fam-
ily of transcription factors (Xie et al. 2006). In Arabidop-
sis levels of expression of miR156 are highest in seedlings 
and decline during development. In contrast, expression of 
miR172 is low in young seedlings and gradually increases 
throughout the life cycle, showing an opposite expression 
pattern to miR156 (Wu et al. 2009) [and reviewed in Hui-
jser and Schmid (2011)]. The results of our study indicate 
that miR156 and miR172 are also expressed in inverse pat-
terns in orchid, consistent with the findings in Arabidopsis 
(Wu et al. 2009) and maize (Chuck et al. 2007). The targets 
of miR156 and miR172 were identified through our target 
prediction procedure.
Identification of P. aphrodite miRNA precursors
74 putative miRNA precursors were predicted for 38 
miRNA families. 73 out of our 74 precursors, except the 
precursor PATC130914 of miR396, were not reported in the 
previous study (An et al. 2011) which predicted 14 puta-
tive precursors. The lengths of out predicted pre-miRNA 
hairpin structures varied from 55 to 293 nt with an aver-
age length of 123 nt. The MFEs of their hairpin structures 
range from −12.72 to −198.14 kcal/mol with an average 
value of −58.65 kcal/mol. The average MFE of P. aph-
rodite was similar to the MFE of Arabidopsis precursors. 
Twenty-two miRNA-star sequences (miRNA*), the com-
plementary strands of functional mature miRNA, were also 
detected in our libraries. The predicted miRNA precursors, 
their families and the corresponding sRNA reads are shown 
in Table 4. Supplemental Figure 4 illustrates the align-
ments of orchid miR166 with its homologs in other species 
(Supplemental Figure 4a and 4c), and the stem-loop struc-
ture of the predicted precursor of miR166 (Orchidstra ID: 
PATC143861) as an example (Supplemental Figure 4b).
Identification of microRNA targets in P.aphrodite
We used two approaches to identify miRNA targets in 
P. aphrodite. The first approach (see Target prediction pro-
cedure section) predicts 160 miRNA target transcripts for 
35 known miRNA families in P. aphrodite without rely-
ing on known targets of other organisms. Many miRNAs 
found in Arabidopsis have potential homologs in rice and 
other monocotyledonous plants (Reinhart et al. 2002), and 
computational analyses have predicted that these miR-
NAs might regulate homologous targets in several species 
(Jones-Rhoades and Bartel 2004; Sunkar et al. 2005; Bon-
net et al. 2004; Adai et al. 2005; Wang et al. 2004). Based 
Table 3  The top 30 miRNA families expressed at highest levels in 
P. aphrodite
The closer the SPM is to 1 the greater the extent of tissue specificity
* Specificity measure (SPM) >0.9
Family/library miRNA expression levels (reads per million, RPM)
Root Leaf Flower Seed
miR159 40,458.60 114,828.36 83,771.72 31,884.38
miR528 3,583.11 87,059.25 15,639.47 70,731.99
miR535 47,988.38 41,264.12 14,482.89 7,607.86
miR156 2,340.83 595.61 81.66 32,722.32*
miR166 1,788.48 1,918.84 3,940.71 1,489.36
miR162 2,409.82 3,217.41 1,521.87 423.24
miR171 29.11 1,872.34 3,181.79 651.13
miR167 1,683.43 3,355.12 124.03 190.67
miR319 991.71 366.55 1,967.85 1,280.60
miR396 612.74 2,577.08* 235.45 108.16
miR894 1,474.60 891.75 404.37 234.64
miR164 678.36 219.74 535.33 45.58
miR408 39.56 619.38 285.27 227.61
miR168 273.53 215.00 211.21 66.78
miR5139 219.22 232.77 151.62 125.79
miR529 48.88 8.00 80.77 54.74
miR172 1.72 46.86 147.52* 1.15
miR397 4.43 69.52 28.79 46.73
miR2950 47.16 50.86 49.07 1.04
miR394 5.82 10.59 25.73 14.87
miR398 1.19 38.72* 6.79 2.02
miR160 5.95 14.51 22.45 2.19
miR165 9.59 7.26 12.31 1.61
miR858 0.33 0.07 24.09* 0.12
miR783 6.48 8.96 4.03 0.63
miR2911 8.14* 0.52 1.34 2.25
miR1318 1.98 2.74 7.91 0.46
miR395 0.13 1.92 9.99* 0.58
miR399 0.99 5.55 0.60 2.48
miR3946 5.16 2.37 0.15 0.69
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on the premise that miRNA targets are conserved across 
different plant species, another approach for target iden-
tification is to search for homologs among known target 
genes. Using this second approach we identified 95 target 
transcripts for 28 known miRNA families appearing in our 
small RNA libraries. Processing through our computational 
pipeline resulted in a total of 228 predicted target genes 
from 46 miRNA families. Of the predicted miRNA targets, 
27 target genes from 12 conserved miRNA families were 
identified by both methods.
These two approaches led to somewhat different results 
due to the following reasons. First, protein-coding ESTs 
are often non-full-length/truncated and the miRNA-bind-
ing site related sequences are missing in the existing data-
base. This limits the target prediction in the first approach 
because it relies on the direct alignment of miRNAs to 
EST sequences, while the second approach relies on target 
homology at the amino acid level and thus the detection 
sensitivity is less affected by non-full-length sequences. 
Second, the second approach searched only the homologs 
Fig. 3  Heat map and cluster 
dendrogram of 50 differentially 
expressed miRNAs. The heat 
map summarizes the expression 
of 50 differentially expressed 
miRNAs across P. aphrodite 
tissues. Clustering was based on 
Euclidean distance and centroid 
linkage rule. miRNAs exhibit-
ing a fold change of at least 
4.0 were selected for cluster 
analysis
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of those previously reported targets of known miRNAs. 
There were 18 miRNA families that have 72 targets being 
detected by the first approach while the second approach 
could not be applied to these miRNAs because they were 
not reported in Arabidopsis or their targets were not found 
in ASRP database. Third, the second approach cannot find 
orchid specific targets. Given that each of the approaches 
has its own strengths and limitations, using both homology-
dependent and homology-independent approaches resulted 
in more comprehensive target identification than using 
either one alone, especially for non-model organism with-
out complete transcriptome sequence data. Supplemental 
Figure 2b illustrates an example of a target site that is con-
served in P. aphrodite and Arabidopsis. 196 out of our 228 
predicted targets were not reported in the previous study 
(An et al. 2011), the other 32 predicted targets share same 
Arabidopsis homologs with the targets reported in (An 
et al. 2011). Table 5 shows a list of miRNA targets identi-
fied in this study and their targets reported in Arabidopsis.
Some miRNAs have detectable sequence similarity and 
share common predicted targets. For example, miR156 
and miR529 have overlapping predicted target sites in 
PATC134878 and PATC135103, both of which belong to 
SPL family of transcription factors. Our prediction results 
are consistent with previous reports showing that both 
miR156 and miR529 have similar predicted targets con-
sisting mainly of SPL genes in maize (Zhang et al. 2009b), 
and analysis showing the cleavage of tsh4 (encoding a 
SBP-box transcription factor) transcript by miR529 and 
miR156 (Chuck et al. 2010). Another example of overlap-
ping targets comes from miR159 and miR319, which share 
high sequence similarity. These two miRNAs have simi-
lar processing mechanisms (Bologna et al. 2009) and may 
have evolved from a common ancestor (Li et al. 2011). Our 
prediction showed that miR159 targets transcripts from 
the MYB family while miR319 targets the TCP transcrip-
tion factor family. These results agree with findings in other 
organisms (Palatnik et al. 2007). In addition, miR159 and 
miR319 have five overlapping predicted targets, including 
two MYB genes (Achard et al. 2004) and three kinase genes 
involved in post-translational modification (de la Fuente 
van Bentem et al. 2008). It has been reported that MYB 
genes are occasionally targeted by miR319a in Arabidop-
sis wild-type plants, but due to low expression of miR319 
and much higher expression levels of miR159, MYBs are 
predominantly targeted by miR159 (Palatnik et al. 2007). 
The overlapping targets obtained from our prediction are 
consistent with observations in Arabidopsis and suggest that 
the expression of some mRNAs maybe regulated by coor-
dinated actions of multiple miRNAs in P. aphrodite. Com-
pared with other genomes, data available for P. aphrodite 
is relatively limited, which restricts the search for miRNA 
genes and their targets. Our bioinformatics analysis using 
the deep sequencing data and EST data revealed many tar-
get genes and miRNA precursors not previously reported.
New miRNAs and their target genes
To identify novel miRNAs, unique sRNA reads were 
mapped to unknown/non-coding EST in our Orchidstra 
database. Only perfect matches were allowed. The sec-
ondary structures of the matched ESTs were predicted by 
Mfold. The filtering process was similar to that used in 
the precursor prediction of known miRNAs, with an addi-
tional filter added. After hairpin structure analysis, follow-
ing the recommendations of the previous study (Meyers 
et al. 2008), the complementary strands of potential mature 
miRNAs were searched against our small RNA libraries to 
find the miRNA-star counterparts. The results from previ-
ous studies of miRNA annotation confidence in human 
NGS datasets also supported the notion of Meyer’s cri-
teria (Hansen et al. 2011). Our concern is not solely with 
the false negative rate but also with the false positive rate, 
especially millions of hairpin structures can be found in a 
large eukaryotic genome. This miRNA star filter greatly 
reduced the number of candidate miRNA stem-loop struc-
tures. We obtained 23 new miRNA candidates from 17 pre-
dicted miRNA precursors and identified their miRNA* in 
our small RNA libraries. The precursor lengths of the new 
miRNAs ranged from 74 to 228 nt, with an average length 
of 128 nt (Table 6). All the predicted precursors could fold 
into a characteristic stem-loop structure with the mature 
miRNA on either the 5′ arm or the 3′ arm of the precursor 
(Supplemental Figure 5). The size of the predicted mature 
miRNAs ranged from 20 to 24 nt. We inspected the pre-
dicted new mature miRNA sequences and found that 19 
out of the 23 miRNAs started with a uridine (U). U at the 
5′ end is a feature shared by most known miRNAs. These 
new miRNAs were not found in other plant species in the 
miRBase v.18 that we used to perform miRNA annotation. 
However, the miRNA PA-miR1-5p has a rice homolog that 
was identified as a new miRNA in a recent study (Jeong 
et al. 2011) but not presented in miRBase v.18. Homologs 
of these new miRNAs were further identified by using 
precursors as queries to BLASTN against the genomic 
sequences and EST database of NCBI with a cutoff value 
of 1e-4. We found homologs of PA-miR2 in Dendrobium 
nobile, O. sativa, Oryza longistaminata, and Solanum 
tuberosum. Some homologs of new miRNAs were only 
found in orchid species, including homologs of PA-miR10 
in Phalaenopsis violacea, and homologs of PA-miR12 and 
PA-miR13 in Phalaenopsis equestris. All homologs in 
other plants contained the sequences that are identical or 
with one mismatch to their mature miRNA counterparts in 
P. aphrodite, and 85–97 % alignment identities over at least 
50 % of the precursor length.
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Several new miRNA exhibited different tissue specifi-
cities with SPM >0.9. For example, PA-miR2 (8.24 RPM 
in seed), PA-miR6 (1.33 RPM in leaf) and PA-miR15 
(0.46 RPM in root) were specific to seed, leaf, and root, 
respectively. PA-miR1 (1.34 RPM in flower), PA-miR3-
3p (0.89 RPM), PA-miR7 (0.97 RPM), and PA-miR16 
(0.45 RPM) were specifically expressed in the flower. 
A total of 12 targets were predicted for 7 new miRNAs. 
Three PA-miR1 targets (PATC133864, PATC138350, and 
PATC154853) code for DEFICIENS-like MADS-box 
transcription factors that are involved in flower develop-
ment and patterning (reviewed in (Krizek and Fletcher 
2005)). The targets of PA-miR2 are MIKC-type MADS-
box transcription factor (wheat WM30 homolog) genes. 
Other targets of new miRNAs include proteins that func-
tion in signal transduction, members of the transferase 
families, transporters, and transposable element-related 
proteins.
The detailed information of new miRNAs (and conserved 
miRNAs) has been incorporated into the Orchidstra data-
base and is available via web access (Supplemental Fig-
ure 6). For each miRNA, Orchidstra database contains the 
following information: sequence information (Supplemen-
tal Figure 6a), expression levels (Supplemental Figure 6b), 
miRNA targets (Supplemental Figure 6c), stem-loop struc-
ture of miRNA presursors (Supplemental Figure 6d, e), and 
visualization of deep sequencing reads that were mapped to 
the miRNA presursors (Supplemental Figure 6f). Orchidstra 
provides internal links between data resources, to precursors 
and to targets with more detailed information.
Experimental validation of miRNA-directed cleavage sites 
within target transcripts
RLM-5′ RACE experiment was performed on a sub-
set of target genes to validate miRNA-directed cleavage 
sites within the target transcripts (Fig. 4). PATC146998, 
PATC152414 and PATC144912, homologs of rice home-
obox-leucine zipper protein HOX32, were identified as 
the targets of miR166 (Fig. 4a–c). MiR162-mediated 
cleavage in PATC140870 (Dicer-like protein 1, DCL1), 
miR159-mediated cleavage in PATC148783 (homolog of 
GAMYB transcription factor), and PA-miR1-mediated 
cleavage in PATC138350 (DEFICIENS-like MADS-box 
transcription factor) were also detected in the RLM-5′ 
RACE procedure (Fig. 4d–f). Sequence analysis of the 
5′ RACE cleaved product showed that the cleavage in 
orchid targets mainly occurred at the site opposite the 
10th and 11th nucleotides from the 5′ end of miRNA. 
The predicted targets of both known and new miRNAs 
were validated by RLM-5′ RACE, indicating that our 
pipeline provided the sensitivity to detect miRNAs and 
their targets in orchid.
Functional classification of miRNA targets in P. aphrodite
Our target prediction procedure predicted 240 miRNA tar-
gets in total (228 targets for known miRNAs and 12 targets 
for newly identified miRNAs). The target list contained 
many previously identified targets, such as the SPL genes 
as targets of miR156, the MYB genes for miR159, auxin 
response factors for miR167, the AP2 genes for miR172, and 
the PHO2 genes for miR399. New targets were also identi-
fied, such as tubulin-specific chaperone for miR528, oxi-
doreductase gene for miR399, and MADS-box transcription 
factors for new miRNA PA-miR1 and PA-miR2. Functional 
classification of the predicted miRNA targets was conducted 
by combining the results from the Gene Ontology (GO, 
Fig. 4  Validation of miRNA target genes in P. aphrodite using 5′ 
RACE and sequencing. miRNA-binding sites in target genes are 
aligned with the corresponding miRNAs. Arrows indicate the cleav-
age sites determined by sequencing of 5′ RACE clones, and the 
numbers indicate the fraction of cloned 5′ RACE products corre-
sponding to each site. Canonical pairings are indicated by solid lines. 
G–U pairings and non-canonical pairings are indicated by colons 
and circles, respectively. a miR166 and its target PATC146998, 
showing positions 1061–1080 on the EST. b miR166 and its target 
PATC152414, showing positions 312–331 on the EST. c miR166 
and its target PATC144912, showing positions 348–367 on the EST. 
d miR162 and its target PATC140870, showing positions 3358–3379 
on the EST. e miR159 and its target PATC148783, showing posi-
tions 1062–1082 on the EST. f miR319 and its target PATC148783, 
showing positions 1061–1081 on the EST. g PA-miR1 and its target 
PATC138350, showing positions 372–392 on the EST
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http://www.geneontology.org/), Pfam (http://pfam.sanger.ac.
uk) searches, and MapMan (http://mapman.gabipd.org/web/
guest/home) ontology annotation transferred from Arabi-
dopsis homologs. One hundred and ninety-four of the 240 
targets contained at least one pfam domain, and 212 targets 
were assigned at least one GO or MapMan ontology. For 
each target the functional annotation and the assignment of 
GO terms can be found in the target pages in the Orchidstra 
database. Of the predicted target genes, 27.5 % are mem-
bers of transcription factor families, 9.5 % encode proteins 
of unknown function or are proteins of unknown biological 
process, 6.7 % encode proteins involved in signalling or sig-
nal transduction and 5.4 % are development-related genes 
(Fig. 5). The other predicted target genes fell into a further 
19 functional categories that include many diverse functions 
and biological processes such as protein degradation, sec-
ondary metabolism, redox, transferase, kinase, transporter 
and transposable element, suggesting that miRNAs regulate 
a wide range of biological activities in P. aphrodite. Further 
inspection found that target genes were significantly enriched 
(P < 2.2e-16; Fisher’s Exact Test) in transcription factors 
relative to the proportion of transcription factors among all 
P. aphrodite protein-coding genes. The signalling/signal 
transduction term is also over-represented (P < 8.8e-13). 
Meanwhile, the transposable element category and trans-
port category are under-represented with P < 9.9e-10 and 
P < 9.1e-5, respectively. In total, 18 known miRNA families 
and 2 new miRNAs were predicted to target transcription 
factors or genes involved in regulation of transcription, sug-
gesting that they have roles in post-transcriptional regulation.
Validation of miRNA expression and anti-correlation 
with target transcripts
The deep sequencing data were validated using stem-loop 
real time RT-PCR to determine the expression profiles of 
seven conserved miRNAs (miR156, 159, 162, 167, 399, 
528, 535) in four tissues (Supplemental Figure 7). These 
miRNAs were chosen because they represented a wide 
range of expression levels and differential tissue expres-
sion patterns. The stem-loop real time RT-PCR results 
were consistent with our deep sequencing data. The same 
differential expression patterns were also observed across 
all four libraries. A significant correlation (ρ = 0.78, 
P < 0.0001) was found between the deep sequencing data 
and the stem-loop real time RT-PCR measurements from 
technical replicates (Fig. 6). The correlation was also sig-
nificant (ρ = 0.714, P < 0.01) in leaf and root libraries with 
three biological replicates. However, deep sequencing pro-
vided not only sequence information but also absolute read 
counts, and the detection of miRNA by deep sequencing 
was possible even at expression levels near the detection 
limits of real time RT-PCR.
Fig. 5  MapMan functional cat-
egory classification of miRNA-
target genes in P. aphrodite
Fig. 6  Comparison of deep sequencing data and stem–loop RT-PCR 
for measuring relative miRNA expression. Both the sequencing data 
and stem-loop RT-PCR were normalized against the internal control 
PASR17041531. A significant correlation was observed between the 
two methods (ρ = 0.78, P < 0.0001)
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PATC148826 (SPL protein), PATC140870 (Dicer-like 
protein), and PATC134326 (auxin response factor) are tar-
gets of miR156, miR162, and miR167, respectively. The 
abundance of these three target genes was investigated by 
quantitative real time RT-PCR (Supplemental Figure 7). 
The expression of miR162 was anti-correlated with that 
of its target (ρ = −1, P = 0.083). No significant correla-
tion was seen between the expression levels of miR156 and 
miR167 and their target genes. This could be due to non-
cleavage repression, feed-back regulation, spatial or tempo-
ral exclusion of miRNAs and their targets, the expression of 
other miRNAs leads to different levels of target repression, 
other levels of regulation exist such as promoter methyla-
tion, translational repression (Brodersen et al. 2008; Lanet 
et al. 2009), or because their relationships differ in different 
tissues. The RT-PCR is measuring the steady state level of 
RNA while the regulation of miRNA on targets is dynamic 
and changes under different circumstances. Further work is 
required to explore the regulatory mechanisms of various 
miRNAs and their targets in orchid.
The existence of trans-acting siRNA in P. aphrodite
Trans-acting siRNA (ta-siRNA) activity has been found in 
Arabidopsis (Peragine et al. 2004; Vazquez et al. 2004). So 
far, four families of tasiRNA-generating TAS genes have 
been reported in Arabidopsis: TAS1 and TAS2 that are tar-
geted by miR173, TAS3 that is targeted by miR390, and 
TAS4 that is targeted by miR828. By searching Orchidstra 
database, we identified several P. aphrodite transcripts that 
code for key components required for ta-siRNA biosyn-
thesis, such as RNA-dependent RNA polymerase RDR6 
(PATC131836), DCL4 (PATC128821, PATC150652), 
ARGONAUTE 7 (PATC068542), and suppressor of gene 
silencing 3 (PATC136902), indicating the operation of 
the ta-siRNA pathway in P. aphrodite. MiR390 was iden-
tified, and TAS3-derived tasiR-ARFs were also present 
in the flower, leaf, and seed libraries (PASR15422771 
and PASR01102164). In addition, an P. aphrodite TAS3 
homolog (PATC148096) that contains two target sites for 
miR390 flanking the tasiR-ARF producing regions (Sup-
plemental Figure 8) was found in the Orchidstra database. 
The ta-siRNA biosynthesis pathway seems to be conserved 
in Orchids. Other TAS families, however, were not identi-
fied in this study despite the fact that the depth of sequenc-
ing achieved allowed the detection of extremely rare 
transcripts.
Conclusions
In this study, systematic computational approaches 
were used to profile the small RNA transcriptome of the 
non-model plant P. aphrodite from deep sequencing data 
sets. A bioinformatics pipeline was established that allowed 
the characterization of expression profiles of orchid miR-
NAs from 88 miRNA families, and the identification of 23 
new miRNAs, 91 miRNA precursors and 240 miRNA tar-
gets. Cleavage of predicted target transcripts was confirmed 
for selected miRNAs, including the new miRNA PA-miR1. 
tasiR-ARF and TAS3 transcript were also discovered, sug-
gesting that the ta-siRNA pathway operates in orchid. All 
the known P. aphrodite miRNAs and predicted target genes 
in this study have been made freely available in the web-
based orchid database Orchidstra. The comprehensive pro-
filing of the P. aphrodite miRNAome achieved provides 
a useful reference for further investigation of miRNA in 
Orchidaceae. The systematic, integrated bioinformatics 
analysis pipeline developed will also be useful for analysis 
of the miRNAome from deep sequencing data of other non-
model plants lacking a reference genome.
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